Introduction
High-resolution EMG recordings are an important tool for diagnostics of neuromuscular disorders. Moreover, by recording the activity of individual motor units in combination with new computational methods and models, functionally significant information on human movement can be obtained, providing the link between the neural and functional understanding of movement patterns [1] . Conventional needle electrodes are not suitable for multichannel high-resolution EMG recordings, as they typically provide only one single recording channel. Therefore, in order to selectively record EMG signals with a high spatial sampling, special electrode systems need to be developed, utilizing microfabrication technology to provide the necessary feature size. To minimize tissue damage, such structures need to be as flexible as possible, to match the mechanical properties of the muscle tissue. However, minimally-invasive insertion of very flexible structures is difficult, as they cannot penetrate the skin and the tissue as conventional needle electrodes do. In the following, a novel approach for the fabrication of 16-channel intramuscular microelectrodes for highresolution EMG recording is presented. To this end, flexible thin-film microelectrodes based on polyimide technology were designed and fabricated. Those structures were attached to commercially available disposable dental needles. During the application, after penetrating the tissue with the needle, the needle can be separated from the polyimide structure and be removed from the tissue, leaving only the flexible polyimide structure inside the muscle. With these newly developed electrode systems, it is possible to obtain several EMG signals concurrently from different locations within the muscle.
Methods
In order to create the flexible part of the system, the wellestablished polyimide microtechnology was used [2] . A 10 µm polyimide layer was deposited on a silicon wafer. On top of this layer, a 300 nm platinum layer was sputtered and lift-off microstructured, to obtain the electrode contacts, the tracks and the connection pad array. A second 10 µm polyimide layer was deposited on top of the metallization. Using reactive ion etching, the geometry of the flexible structure was obtained, and the electrode contacts and the connection pad array were opened. To be able to contact the flexible structure with external recording equipment, it was connected to a specially designed FR4 adapter using Microflex technology [3] . The flexible structure was aligned to the adapter, and a gold ball was pressed through a small hole on the connection pad using a bonding tool, to achieve electrical connection to the adapter. A 16-pin connector (Harwin Inc., Salem, USA) was then attached to the adapter by soldering. As insertion tool for the EMG electrodes, disposable dental needles (B. Braun Melsungen AG, Germany) were applied. For this purpose, the guiding filament on the polyimide structure was inserted in the needle, and was fixed at the plastic support using a drop of epoxy glue. To optimize the electrochemical properties of the electrode contacts and to reduce interface impedance, the electrode contacts were coated with microrough platinum [4] . The electrode systems were electrochemically characterized using impedance spectroscopy.
Results
The intramuscular EMG microelectrodes were successfully manufactured as described in the Methods section. The basic design of the intramuscular EMG electrode system is shown in Figure 1 . The thread-like structure including the electrode contacts had a width of 420 µm, the width of the guiding filament was 150 µm. The 16 electrode contacts had an oval shape with a length of 140 µm and a width of 40 µm (electrode area 5,257 µm 2 ), and a pitch of 1 mm. The electrodes were successfully applied for intramuscular EMG recording in the abductor digiti minimi muscle of human volunteers (see Figure 3) . These experiments were authorized by the local Ethical Committee at University Medical Center Göttingen (PO number 9/2/12). Using a multi-channel recording system (OT Bioelettronica, Torino, Italy), multi-channel EMG signals could be obtained (see 
Discussion
In this work, a new generation of intramuscular EMG electrodes was presented. This electrode system allows EMG recording with a high spatial resolution, having the potential to acquire the activity of single motor units. Being flexible, the electrodes exert only little stress to the muscle tissue, while they can easily be inserted using a needle as auxiliary tool. Application of the electrodes is therefore similar to conventional needle electrodes. After successfully having proven feasibility of multichannel EMG recording, the next step will be to transfer this concept to intramuscular stimulation. For this purpose, larger electrode contacts will be needed, as electrical stimulation requires larger current amplitudes, increasing charge density at the electrodes. The combined use of intramuscular EMG electrodes and stimulation electrodes will open up new paths for closed-loop neuroprosthetic devices, by stimulating the afferent pathways based on signals recorded from the muscles.
